Context: Primary aldosteronism is one of the leading causes of secondary hypertension, causing significant morbidity and mortality. A number of genetic defects have recently been identified in primary aldosteronism, whereas we identified mutations in ARMC5, a tumor-suppressor gene, in cortisol-producing primary macronodular adrenal hyperplasia.
C
ardiovascular disease is the leading cause of death worldwide. It is estimated that by 2030, over 23 million people will die from cardiovascular diseases each year (1) . Recognition of primary aldosteronism (PA), a major cause of secondary hypertension, and its appropriate treatment may lead to a significant reduction of morbidity associated with cardiovascular diseases. PA may account for up to 10 -15% of secondary hypertension (2, 3) . The most common causes of PA are bilateral adrenal hyperplasia (60%) and aldosterone-producing adenomas (30%) (2, 4) .
Genetic causes of PA are becoming more evident. Somatic mutations in KCNJ5 have been described as a common cause of PA (5) (6) (7) (8) (9) . Germline mutations in KCNJ5 and CACNA1D cause familial hyperaldosteronism (FH) type III (9 -13), whereas as yet unidentified gene(s) on chromosome 7p22 may harbor additional defects for FH type II (14, 15) . Glucocorticoid-remediable hyperaldosteronism (also known as FH type I) is caused by a chimeric gene (made by the fusion of the 5Ј-end of CYP11B1 to the 3Ј-end of CYP11B2) (15) (16) (17) .
Glucocorticoid cosecretion in PA has been previously documented (18 -24) . We and others recently described germline and somatic mutations in an armadillo repeat containing 5 (ARMC5) gene that causes hypercortisolism in primary macronodular adrenal hyperplasia (PMAH) (25) (26) (27) (28) (29) . ARMC5 maps to 16p11.2 and is likely to be a tumor-suppressor gene (27) . Tumors caused by mutations in ARMC5 are likely to be polyclonal: both alleles of ARMC5 carry mutations at the somatic and germline levels. Different nodules on the same adrenal carry different variations of the ARMC5 gene. Although the function of the gene is still under investigation, it appears that ARMC5 inactivation affects steroidogenesis (25, 26) .
In this study, we investigated glucocorticoid hormone secretion in patients with PA and queried whether genetic alterations in ARMC5 were involved. This retrospective clinical and genetic study was conducted at the National Institutes of Health (NIH) Clinical Research Center (CRC).
Patients and Methods

Clinical studies and patient samples
A total of 56 patients were evaluated for PA at the NIH CRC in the last 10 years (2004 -2013) . Age, duration of disease, and vital signs were recorded at the time of initial presentation. All research subjects signed an informed consent. The Institutional Review Boards of the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) (until 2010) and the National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) (2010 to present), NIH, approved the research protocol (Clinical Trial Registration no. NCT00005927).
PA testing
All patients underwent a step-wise diagnosis, as previously described (30) . Subjects had varying levels of hyperaldosteronism. The aldosterone-to-renin ratio (ARR) was used as an initial screening test to identify potential patients with PA (30) . Because the ARR is dependent on the actual renin value, we considered ARR Ͼ15 positive for PA and ARR ϭ 10 -15 indeterminate. Several patients were taking antihypertensive medications that may have interfered with the testing at screening in other institutions. Eplerenone and spironolactone were discontinued 2-4 and 6 -8 weeks before testing, respectively. If necessary, patients on these medications were switched to an ␣-blocker (doxazosin or prazosin), calcium channel blocker (usually verapamil), and/or hydralazine before all testing at the NIH CRC.
Subjects underwent a saline suppression test (SST) and/or an oral salt-loading test for confirmation of PA (30) . SST was performed in the morning with a continuous infusion of 2 L of 0.9% normal saline over 4 hours. Aldosterone was measured at baseline and hourly. Postinfusion plasma aldosterone levels Ͼ10 ng/dL were considered strongly positive for PA, whereas values between 5 and 10 ng/dL were considered indeterminate (30, 31 ). An oral salt-loading test was performed as previously described (30) . Briefly, patients took 2-g sodium tablets three times daily with meals for 3 days. Urinary sodium and aldosterone were measured in the 24-hour urine collection from the morning of day 3 until the morning of day 4. Urine aldosterone Ͼ 12 g/24 h along with urine sodium Ͼ200 mmol/d confirmed the diagnosis of PA.
All research subjects underwent adrenal computed tomography scanning with contrast. Adrenal venous sampling (AVS) was performed in 50 patients. Some protocol participants refused adrenal sampling or were not surgical candidates. AVS was performed under cosyntropin stimulation, as previously described (32) . Good surgical candidates with lateralizing AVS results underwent unilateral adrenalectomy. Patient ADT178.02, who had bilateral adrenocortical tumors upon imaging, was also diagnosed with hypercortisolism and underwent bilateral adrenalectomy; histopathology confirmed bilateral hyperplasia in this patient. All patients that were not surgical candidates were started on mineralocorticoid receptor antagonists.
Other hormonal measurements and dexamethasone (Liddle's) test
Diurnal plasma ACTH and serum cortisol levels were measured, as previously described (26, 33) . Briefly, plasma ACTH and serum cortisol levels were measured in the morning (7:30 and 8 AM) and late night (11:30 PM and midnight); averages of samples were used in all analyses. Urinary 24-hour 17-hydroxysteroids (17OHS) and urinary free cortisol (UFC) were measured and corrected by gram creatinine (Cr) and body surface area (BSA), respectively, as previously described (26, 34) . The 6-day Liddle's (low-dose and high-dose dexamethasone) test was performed, as previously described (26, 35, 36) , with the first 2 days as baseline.
ARMC5 and KCNJ5 sequencing and in silico analysis
ARMC5 analysis was performed in peripheral blood leukocytes and in available tumor specimens, as previously described (26) . In silico predictions for mutations leading to alternative splicing were made using Alamut version 2.3 (Interactive Bio-software). We followed guidelines for investigating causality of sequence variants in human disease (37) . ARMC5 variants predicted to be damaging by in silico were defined as variants that may alter the normal levels or biochemical function of a gene or gene product. The PolyPhen analysis tool (http://genetics.bwh. harvard.edu/pph/) was used for the predictions. ARMC5 variants predicted to be damaging by in silico analysis were called "predicted damaging," whereas ARMC5 variants predicted to be benign were called "benign." Available adrenal tissue from two patients with predicted to be damaging ARMC5 variants were screened for KCNJ5 mutations, as previously described (6) .
Immunohistochemistry, Western blot, and H295R cell culture and transfection
Immunohistochemistry for ARMC5 1/10 (rabbit antihuman NBP1-94024; Novus Biologicals) was performed on tissues embedded in paraffin, as previously described (26) . Five-micrometer sections were cut and deparaffinized in Histo-Clear (Nationals Diagnostics). These were rehydrated through serial ethanol dilutions. All epitopes were retrieved by 20 minutes of boiling in Vector Antigen Retrieval Solution (H3300; Vector Labs). Primary antibody-antigen was detected with the rabbit secondary antibody (MP-7401; Vector Labs), and horseradish peroxidase activity was detected with 3,3Ј-diaminobenzidine tetrahydrochloride (SK-4105; Vector Labs).
Forty micrograms of proteins extracted from tumor tissues obtained during surgery were analyzed by Western blot using the ARMC5 antibody and a commercially available glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (rabbit antihuman GAPDH 14C10; Cell signaling), as previously described (26) .
Human adrenocortical cancer cells (H295R) were cultured and transfected with control or ARMC5 small interfering RNA (siRNA) to investigate the effect of ARMC5 inactivation on the expression of CYP11B2, as previously described (25) . CYP11B2 expression has been analyzed by the reverse transcription quantitative PCR. The list of primer sequences used in the experiment is recorded in Supplemental Table 1 .
In vitro analysis of the ARMC5 c.583؉26 G>T mutation for alternative splicing
Wild-type ARMC5 exon 2, intron 2, and exon 3, together with flanking intronic regions, were amplified from the genomic DNA of a healthy donor (primers: forward, 5Ј-caggccacattctccaggtt-3Ј; reverse, 5Ј-agacagaataggggtggaggt-3Ј). The purified fragment was ligated into pGEMTeasy (Promega) and then subcloned into pSPL3 (Life Technologies). The mutation (c.583ϩ26GϾT, rs9921490) was introduced by site-directed mutagenesis using the QuikChange mutagenesis kit (Agilent).
Sequence and orientation of all constructs was confirmed by Sanger sequencing. The pSPL3 plasmids containing either wildtype or mutated inserts were transiently transfected into HEK293 cells and H295R cells using Lipofectamine 2000 (Life Technologies). After 24 hours, RNA was extracted (RNeasy kit; QIAGEN) and reverse transcribed (Superscript III; Life Technologies). The SD6 and SA2 primers (binding to the pSPL3 exonic regions flanking the insert) were used for RT-PCR, and products were analyzed for size differences on an agarose gel. Bands were gel-purified using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and analyzed by Sanger sequencing.
Statistical analysis
Data are described as frequencies and percentages or mean Ϯ SD, unless otherwise indicated, and were analyzed using SAS version 9.2 (SAS Institute, Inc). Continuous data were compared between the patients with ARMC5 variants predicted to be damaging and patients without and/or with benign ARMC5 variants using two-sample Student's t tests or Wilcoxon rank-sum test, as appropriate. Log-transformation of data was carried out as necessary. Categorical data were compared using Fisher's exact tests. Mixed models were used for repeated-measures analysis of 17OHS/Cr, UFC/BSA, and aldosterone levels during saline suppression between the patient's groups. Percentage change was computed based on the change from baseline to the last 24 hours of the Liddle's test.
Fisher's exact test and 2 test with Yates correction were used to compare the distribution of allele frequencies in ARMC5 mutations between our study samples and the general population from the 1000 Genomes and between African Americans in our study samples and African Americans from the National Heart, Lung, and Blood Institute Grand Opportunity Exome Sequencing Project (NHLBI GO ESP). A P value Ͻ.05 was considered statistically significant.
Results
Demographics
The mean age of our subjects was 50.7 Ϯ 9.6 years at the time of presentation to the NIH CRC. Six (10.7%) patients carried germline ARMC5 variants that were predicted damaging. Most subjects were male (60.7%), and 44.6% were Caucasian. Interestingly, all patients carrying predicted damaging ARMC5 mutations were African Americans (P ϭ .0023) ( Table 1 ). There were significant differences in allele frequencies of ARMC5 variants between our study cohort and the general population from both the 1000 Genomes and the ESP. Indeed, the allele frequencies were significantly higher for all five predicted damaging single nucleotide polymorphisms (SNPs). In addition, we observed statistically significant differences in the same ARMC5 variant frequencies in our African American sample compared to the African American population from the NHLBI GO ESP (Table 2) . Available tumor specimens from 2 patients with predicted damaging ARMC5 variants had no somatic KCNJ5 gene defects.
Clinical parameters and baseline biochemical data
Baseline clinical signs and biochemistry are presented in Supplemental Table 2 . There was no statistical significance in vital signs between the group carrying predicted damaging ARMC5 variants and the group without and/or with benign variants. Importantly, average fasting serum glucose in the entire patient cohort was 115.71 Ϯ 38.03 mg/dL. Eight patients (14.3%) with PA had impaired fasting glucose, and 19 others (33.9%) met the criteria for the diagnosis of diabetes mellitus.
PA screening, confirmatory testing, and adrenal venous sampling
The results of the PA screening and confirmatory testing are shown in Supplemental Table 2 . Data from the SST are shown in Figure 1 . There was no difference in serum aldosterone during the SST between patients carrying predicted damaging ARMC5 variants and patients without and/or with benign ARMC5 variants across time (P ϭ .49). Additional clinical characteristics are described in the Supplemental Table 3 . Adrenal venous sampling data from five patients with predicted damaging ARMC5 variants are presented in Supplemental Figures 1-5 .
Hypothalamic-pituitary-adrenal axis testing
Baseline plasma ACTH, average of diurnal serum cortisol, and average baseline urinary 17OHS/Cr and UFC/ BSA are presented in Supplemental Table 2 . There were no statistically significant differences between the groups. Notably, late-night serum cortisol in the whole cohort was 4.06 Ϯ 2.28 g/dL.
Dexamethasone (Liddle's) test
UFC/BSA measurements were not different between the groups (P ϭ .81) (Figure 2A ). Subjects with predicted damaging ARMC5 variants also did not have significantly different urinary 17OHS/Cr levels throughout the highand low-dose dexamethasone administration during the Liddle's test (P ϭ .62) ( Figure 2B ). There was no difference in the percentage change of 17OHS/Cr (P ϭ .83) or UFC/ BSA (P ϭ .78) when baseline values (days 1-2) were compared to the day 6 values at the end of the Liddle's test (Figure 2, C and D) .
ARMC5 mutations
We identified 12 ARMC5 genetic alterations in 20 unrelated and two related individuals from our cohort of 56 patients (39.3%). Nine of the germline variations were missense and resulted in an amino acid substitution, and three were intronic variations near the donor or dinucleotide acceptor. Seven of the missense and all three of the intronic variants were previously described in public databases (38) ( Table 2 ). Two missense variants that are not present in the database were identified: the mutation c.2692CϾT (p.R898W) that was previously described by our group in patients with PMAH (26) , and a novel missense mutation c.2476CϾA (p.P826H). Both of them are predicted as damaging. All sequence variations were found in the heterozygote state in germline DNA; tumor DNA sequencing confirmed the germline mutations found in these patients (p.T643M, p.L156F, and c.1370-3CϾA) but failed to identify additional somatic mutations in ARMC5 exons. There were also no KCNJ5 defects in these samples.
ARMC5 in silico analysis
In silico analysis predicted a likely benign effect on the ARMC5 protein function for the five (of nine) previously described missense variants found in our cohort. The variants p.L156F, p.T643M, and p.R898W (previously found in patients with PMAH) were predicted to significantly impair protein function as well as the novel mutation found in our cohort (p.P826H) ( Table 3) . 
ARMC5 expression, cell culture, and transfection
ARMC5 immunohistochemistry was performed on three adrenal tumors from three nonrelated patients and one nonhyperplastic adjacent tissue ( Figure 3A) . As previously described (25) , ARMC5 was strongly expressed in the nonhyperplastic adjacent adrenal tissue ( Figure 3A-I) . Patient ADT110.01 had a benign germline ARMC5 variant, and two other tumors were from patients with predicted damaging defects (ADT105.02 and ADT130.01). For the ADT110.01, even if a small area had a concentration of some cytoplasmic ARMC5 staining ( Figure 3A -II), the expression of ARMC5 was overall lower ( Figure  3A-III) . In both tumors with predicted damaging variants, ARMC5 expression was stronger in the adjacent tissue ( Figure 3 , A-IV and A-V) than in the nodular area where its expression was almost completely abolished ( Figure 3 , A-VI and A-VII). This has been confirmed by a Western blot experiment (in patient with predicted damaging ARMC5 variant, ADT130.01). Indeed, ARMC5 expression is clearly reduced in the adrenal adenoma from this patient compared to the expression in one adenoma without ARMC5 variant (ADT201.02) ( Figure 3B ). Sequencing of the ARMC5 gene in these tumors failed to identify any additional somatic alterations in ARMC5 exons. Transfection of H295R cells showed that ARMC5 silencing down-regulated the expression of CYP11B2 (Supplemental Table 1 and Supplemental Figure 6 ).
Analysis of alternative splicing of ARMC5 c.583 ؉26G>T mutation
The ARMC5 c.583 ϩ26GϾT variant (rs9921490), which was found in four patients in our cohort (Table 2 ), 
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was predicted in silico to create a splice acceptor site at c.583ϩ31 that could lead to intron retention of 69 3Ј bases of intron 2. This prediction was tested in a minigene assay in which exon 2, intron 2, and exon 3 of wild type compared to mutant ARMC5 and the flanking intronic sequences were cloned into the pSPL3 vector. The plasmids were transfected into HEK293 cells and the adrenal carcinoma cell line H295R in which mRNA synthesis from the plasmids using the cells' own transcription and splicing machinery would lead to mRNA products with exon 2 and Letters in interspecies alignment columns are relative to the amino acid present in the position and the absence of a letter means there is no amino acid at that specific position: F, phenylalanine; D, aspartic acid; A, alanine; L, leucine; I, isoleucine; G, glycine; P, proline; R, arginine; T, threonine; N, asparagine; S, serine; C, cysteine; dash, no amino acid present. a PolyPhen-2 was used as standard. Scores go from 0.000 to 1.000. Greater score indicates higher probability to impair the protein function. The main factors taken into account for the calculation of the score are: 1) difference in the thermo-physical properties of the wild-type and mutant protein; and 2) evolutionary preservation of the residue in the corresponding position.
doi: 10.1210/jc.2014-4167 press.endocrine.org/journal/jcem E905 exon 3 of ARMC5 flanked by two exons from the pSPL3 vector. The presence or absence of alternative splicing in the mutant compared to the wild type was assessed by RT-PCR using primers binding to the flanking pSPL3 exonic regions. RT-PCR products from the wild-type and mutant ARMC5 plasmids in cDNA from both cell lines were of equal apparent size, and the presence of both complete exons 2 and 3 and the absence of intronic sequences was confirmed by sequencing of the gel purified bands. Hence, there was no evidence that the ARMC5 c.583ϩ26GϾT variant led to alternative splicing in those cell lines, although a different effect on splicing in the adrenal tissue of PA patients carrying this variant cannot be excluded (Supplemental Figure 7) .
Discussion
Our group and others previously described ARMC5 inactivating mutations as a frequent cause of macronodular adrenal hyperplasia and Cushing syndrome (25) (26) (27) (28) (29) . In the present study, we also identified predicted damaging germline ARMC5 gene mutations in 10.7% of patients with PA (six of 56 patients).
Two available tumors from patients with predicted damaging ARMC5 variants were sequenced, and no additional somatic changes were found. Notably, all subjects with predicted damagingARMC5variantswereAfricanAmerican(Pϭ.0023).To our knowledge, this is the first published report showing that germline predicted damaging ARMC5 mutations may play a role in the development of PA. PA caused by identifiable germline mutations is rare. A series of somatic mutations confined to the adrenal cortex have been reported recently, which may be responsible for about half of the aldosterone-producing adenomas (12) . Genes encoding components of the Kir 3.4 (GIRK4) potassium channel (KCNJ5), sodium/potassium and calcium ATPases (ATP1A1 and ATP2B3), and a voltage-dependent C-type calcium channel (CACNA1D) have mutations causing PA (7, 10, 39) . FH type I (or glucocorticoidremediable hyperaldosteronism) is caused from a chimeric gene (5Ј-end of CYP11B1 fused to 3Ј-end of CYP11B2) and accounts for up to 1% of PA (40) . Bilateral expression of mutant KCNJ5 results in florid hyperaldosteronism requiring early bilateral adrenalectomy and causes FH type III (13, 41) . FH type II, the most common form of hereditary PA, representing approximately 6% of PA, is likely to be caused by as yet unknown gene(s) (42) .
Could germline ARMC5 gene alterations in patients with PA be a new form of PA, perhaps, FH type IV? ARMC5 appears to function as a tumor-suppressor gene with incomplete autosomal dominant penetrance (25) . Preliminary data in the animal models suggests that inactivation of the ARMC5 gene may lead to severe developmental abnormalities of the adrenal glands in mouse and in zebra fish inter-renal tissue (43) . The ARMC5 gene appears to be expressed throughout the adrenal cortex (including zona glomerulosa). Inactivation of ARMC5 in the present study was associated with decreased expression of CYP11B2, the gene encoding aldosterone synthase enzyme. This is consistent with the effects of ARMC5 on other steroidogenic enzymes (25) . We speculate that whereas aldosterone-secretory capacity of individual zona glomerulosa cells may be somewhat reduced, the overall increased adrenocortical mass leads to higher steroid hormone secretion including hyperaldosteronism, as seen with hypercortisolism in patients with PMAH (25, 26) .
African Americans are known to have higher rates of hypertension than Caucasians, although the exact mechanism is not clear (44 -47) . Kidambi et al (46) found that plasma aldosterone was correlated overall with blood pressure and was higher in the hypertensive subjects, compared to normotensive adults. Plasma renin activity was inversely related to blood pressure. Similar findings were reported in a prospective observational study of children (44) . Spence (45) highlighted the importance of the measurement of aldosterone and plasma renin activity in African Americans. Could there be a selective advantage for people of African descent to excrete water more slowly to survive in hot climates (48) ? Could ARMC5 thus be a genetic cause of resistant hypertension in African Americans? Obviously, larger studies are needed to answer these important questions.
Metabolic abnormalities, such as obesity, insulin resistance, and cortisol cosecretion in patients with PA, have been documented (46, 49 -52) . Our cohort had an elevated late-night serum cortisol (mean ϭ 4.06 Ϯ 2.28 g/ dL; normal, Ͻ1.8 g/dL) and high fasting serum glucose levels (mean ϭ 115.71 Ϯ 38.03 mg/dL); however, it was not statistically significantly different in subjects with predicted damaging ARMC5 variants. We speculate that adrenal cells producing aldosterone in zona glomerulosa may have similar origin to cells producing cortisol in zona fasciculata, as suggested by others (53, 54) . This may be the reason why some patients with PA may be cosecretors. We also speculate that obesity may be the cause of fasting hyperglycemia in our patients.
To conclude, we found that 10.7% of our cohort with PA had predicted damaging ARMC5 gene defects, which may be a novel cause of PA. Interestingly, ethnic background may play a role in this condition, given that 100% of affected subjects were African Americans. Selected family members of the patients with ARMC5 defects may be screened and counseled accordingly-a study that is ongoing in our center. This novel finding should be confirmed in larger cohorts of patients with low-renin hypertension and especially those involving African Americans.
